1. Background {#sec1-1}
=============

*Xanthomonas* is an aerobic gram negative phytopathogen, affecting varieties of plants ([@ref1]). Xanthan gum, a heteropolysaccaride, is produced by *Xanthomonas campestris*, next to a number of members from Xanthomonadaceae family*.* This polymer is made up of repeated pentasaccharide units of glucose, mannose and glucuronic acid in 2:2:1 ratio*.* Xanthan has been used extensively in food industry as the emulsifier and stabilizer next to its other applications in oil, cosmetic, textile and paper industries ([@ref1]).

Improvement of xanthan production and optimization of relevant factors, such as surfactants, that enhance its quantity have been the topic of interest ([@ref2]). Detergents can elevate oxygen transfer and therefore improve xanthan production and its rheological features such as viscosity ([@ref3], [@ref4]). Application of detergents also helps in higher production of hydrolyzing enzymes ([@ref5]), but the mechanism(s) of which has mostly remained elusive. Increased cell membrane permeability, modified lipid metabolism, and elevated enzyme release are amongst the feasible modes of action that lead to higher xanthan secretion ([@ref5]). Surfactants affect bacterial membranes and more specifically disturb the less-selective outer membrane ([@ref3], [@ref4], [@ref9]) through which and in our case cause better release of the xanthan gum.

2. Objective {#sec1-2}
============

The aim of present study was to investigate the cellular connections with greater xanthan production in the presence of nonionic surfactants.

3. Materials and Methods {#sec1-3}
========================

3.1. Microorganism, Cultivation and Maintenance {#sec2-1}
-----------------------------------------------

*Xanthomonas campestris* pathovar*. campestris* strain b82 was obtained from Laboratory of Industrial Microbiology at Alzahra University (Tehran, Iran). Pure cultures of the bacterium were sub-cultured on Yeast Malt Agar (YMA) slants and maintained at 4 ºC.

3.2. Exopolysaccharide Production {#sec2-2}
---------------------------------

The pre-cultures in 100-mL flasks containing 20 mL of Yeast Malt Broth (YMB) were incubated at 28 ºC on an orbital shaker at 150 rpm for 16 h and used as inocula. The inocula were added to 500-mL flasks containing the production medium and incubated under the same conditions for 72 h ([@ref10]). The production medium was formulated using sucrose (20 g.L^-1^), ammonium sulfate (1 g.L^-1^) plus a cocktail of organics and mineral salts with overall concentration of 5.4 g.L^-1^([@ref10]).

Cultures were supplemented with surfactants, namely Tween 20 (polyoxyethylene sorbitan monolaurate), Tween 80 (polyoxyethylene sorbitan monooleate), and Triton X100 (polyoxyethylene octylphenyl ether) after 24 h. Different concentrations (0.05%, 0.1%, 0.5%, 1%, 2%, 3%, 4%, 5% and 6% v/v) of the surfactants were used.

3.3. Determination of Production Parameters {#sec2-3}
-------------------------------------------

The apparent viscosity of fermentation broth was measured at 22 ˚C by Brookfield viscometer system using spindle number 3 at 60 rpm. Raw xanthan was precipitated with 1.5 volumes of isopropyl alcohol and heat dried. Xanthan concentration (g.L^-1^) in flask cultures was measured as a function of time in the presence of surfactants with 5% (v/v) concentration.

Dry cell weights of cultures were measured at the end of fermentation as the total biomass. The cells were collected after centrifugation of diluted culture at 12,000 *×g* for 30 min at 4 ˚C. The pelleted biomass was consequently washed with diluted ethyl alcohol to remove traces of xanthan before being subjected to another centrifugation for 10 min at 9000 rpm. The cells were dried in a hot air oven for 3 h at 105 ˚C and weighed ([@ref11]).

Estimated total biomass was subtracted from the raw xanthan and assumed as the weight of pure xanthan. Production yield and productivity were calculated. Results from the experiments were analyzed statistically using one sample *t* tests to determine differences; a *p* value of \<0.05 was considered signiﬁcant.

3.4. Turbidity Test {#sec2-4}
-------------------

At the end of fermentation, culture flasks were sampled and in each case the turbidity was measured using a turbidometer on the basis of Nephelometric Turbidity Units (NTU) ([@ref9]). Results from the turbidity assays were analyzed statistically as mentioned above.

3.5. Scanning Electron Microscopy (SEM) {#sec2-5}
---------------------------------------

Thirty hour cultures, 6 h after addition of surfactants, were sampled for SEM ultramicroscopy. Fixation and dehydration of samples were carried out according to Kang *et al*. ([@ref12]). The samples were gently kept dried using silica gel and mounted on metallic stubs, gold coated (\~100 Å) with a sputter coater and viewed under Scanning Electron Microscope using 20 kV accelerating potential.

3.6. ATP Leakage Assay {#sec2-6}
----------------------

To determine ATP leakage, bacterial cells were harvested from 30 h cultures and supernatants were used for ATP assay after centrifugation at 9000×g. ATP assay was carried out using bioluminescence method based on the evaluation of the emission light by an ATP-dependent luciferase activity (maximum emission \~560 nm at pH 7.8) ([@ref13]). In a luminometer tube, 10 μL of luciferase reagent and 10 μL of luciferin (5 mM) were mixed with 20 μL of the samples/standards. Luminescence was monitored over a period of 10 s in relative light units (RLUs) at 560 nm.

3.7. Determination of Sugar Leakage {#sec2-7}
-----------------------------------

### 3.7.1. Sugar Profiling {#sec3-1}

Samples of supernatants (1 µL) from 30 h production cultures were obtained and analyzed by Thin Layer Chromatography (TLC) with a solvent system of 1-butanol- acetic acid- water (2:1:1 v/v/v). The products were visualized by heating a TLC plate at 110 °C for 5 min after spraying it with 10% (v/v) sulfuric acid in ethanol ([@ref14]).

### 3.7.2. Reductive Sugar Assay {#sec3-2}

Samples from supernatants of 30- h production cultures were examined to measure reductive sugars leaked from the cells using DNS method ([@ref15]).

3.8. Characterization of the Product {#sec2-8}
------------------------------------

### 3.8.1. Determination of Pyruvate Content {#sec3-3}

The percentage of pyruvate covalently attached to the polysaccharide was determined by a lactate dehydrogenase enzymatic assay method after hydrolysis of pure xanthan samples in 2N HCl at 100 °C for 3 h ([@ref16]).

### 3.8.2. Determination of Xanthan Molecular Weight {#sec3-4}

The average molecular weight of purified xanthan was determined by Gel Permeation Chromatography (GPC) on water Ultrahydragel 2000 column at 1 mL.min^-1^ flow rate using water as mobile phase and RI detector ([@ref17], [@ref18]).

3.9. Statistical Analysis {#sec2-9}
-------------------------

Statistical analysis was carried out by IBM SPSS Statistics version 20 using one sample *t* test to determine the mean differences ([@ref9]).

4. Results {#sec1-4}
==========

4.1. Exopolysaccharide Production {#sec2-10}
---------------------------------

Exopolysaccharide production and related viscosity were measured at the end of fermentation process in cultures exposed to surfactants (**[Tables 1](#table001){ref-type="table"}, [2](#table002){ref-type="table"}**). In contrast to Tween 20 and Triton X100, in the presence of Tween 80 an increase in xanthan production (11 g.L^-1^) was occurred and apparent viscosity of the culture was amplified (1368 cP). All of the positive and negative effects were significant (*p* \<0.05) (**[Tables 1](#table001){ref-type="table"}, [2](#table002){ref-type="table"}**). Xanthan production (g.L^-1^) was also measured as a function of time in presence of surfactants. The xanthan concentration in different cultures was compared in a time course from t = 36 h to t = 72 h and the results showed that the difference between control and surfactant containing cultures were statistically significance (**[Fig. 1](#fig001){ref-type="fig"}**).

4.2. Determination of Dry Cell Weight {#sec2-11}
-------------------------------------

The amounts of biomass in fermented cultures containing 5% Tween 80 and 5% Tween 20 were the same as control (2.2 g.L^-1^), but in culture with 5% Triton X100 a decline in quantity of biomass was recorded (1.0 g.L^-1^).

4.3. Turbidity Assay {#sec2-12}
--------------------

Turbidity of cultures containing Tween 20 and Tween 80 remained close to the control (**[Table 3](#table003){ref-type="table"}**). However, after addition of Triton X100, the turbidity of the culture was drastically decreased from 1785 NTU (control) to 75 NTU. All of the recorded differences in turbidity were statistically significant other than the case of Tween 20.

4.4. Cell Size and Cell Shape Changes {#sec2-13}
-------------------------------------

Culture samples were collected 6 h following the addition of the surfactants. The samples were prepared for SEM. Changes in the bacterial cell size were evident especially in the presence of Triton X100. Bacterial cell size decreased in the presence of all surfactants comparing to that of the control. The cell shape transformation from rod to round was recorded in case of Triton X100. Signs of bacterial division were observed in the presence of all surfactants as well as the control (**[Fig. 2](#fig002){ref-type="fig"}**).

4.5. Assessment of Damage to the Cell Barriers {#sec2-14}
----------------------------------------------

Both of the ATP leakage and release of reduced sugars were assumed as the signs of damage to the cell membrane and outer membrane.

In contrast to the control, the results showed a significant ATP leakage from the cells exposed to the surfactants. Tween 20 induced the greatest amount of ATP leakage (0.4 µM) compared to those of the other surfactants (**[Fig. 3](#fig003){ref-type="fig"}**).

The results showed that greater amounts of reduced sugars were found in the supernatant of the culture in the presence of surfactants compared to that of the control. Tween 20 induced release of the maximum amount of reduced sugars (0.22 mg.L^-1^), but Triton X100 resulted to the release of the minimum amount of reduced sugars (**[Fig. 3](#fig003){ref-type="fig"}**). Release of simple sugars including glucose and fructose was confirmed according to the results obtained from TLC. TLC showed no signs of oligosaccharides, mannose or glucuronic acid leakage.

4.6. Structural Changes in Biopolymer {#sec2-15}
-------------------------------------

Pyruvate content and molecular weight of xanthan were used as indicators of structural changes in the final product in response to surfactant application. The results showed that the pyruvate content of all surfactant-treated cultures were the same as control (2.05% w/w); except to that of Triton X100 (1.94 % w/w). In all cases the molecular weight of purified xanthan samples which were extracted from cultures containing different surfactants was higher than that of control. The molecular weights of samples in the presence of Tween 80, Tween 20, Triton X100 and control were 59, 39, 27 and 23 million Da, respectively.

5. Discussion {#sec1-5}
=============

The results from present study showed the negative effects of Tween 20 and Triton X100 on xanthan production and its viscosity. However, Tween 80 showed positive effects and improved xanthan gum production and viscosity. Each of the surfactants in Tween series has three polyethylene glycol groups and one fatty acid residue in their structure. The fatty acid substitutions in Tween 20 and Tween 80 are lauric acid and oleic acid, respectively. In contrast to oleic acid, lauric acid is less frequent fatty acid residue in bacterial cells and its antimicrobial activity against a number of bacteria has been shown in the literature. Hamedi *et al*. studied the effect of fatty acids on *Saccharopolyspora erythraea* and reported that lauric acid is more toxic than oleic acid ([@ref19]). Nakatsuji *et al*. reported the antimicrobial activity of lauric acid against *Propionibacterium acnes* ([@ref20]). In present study, GC Mass experiments showed that Tween 20 is dissociated and molecules of lauric acid were released in the culture medium (data not shown here).

Nguyen *et al*, studied the effect of detergents on secretion of extracellular proteins and reported that fatty acids in polysorbates (Tweens) play an important role in the formation of positive or negative interactions with phospholipids that expanded the pores in the cell membrane ([@ref21]).

Some researchers argued that surfactants help to increase production by wetting the cell envelope and enhance the sorption of nutrient ([@ref22], [@ref23]). We believe that it can be true in case of fungi and other microorganisms possessing thick and condensed cell walls. In gram negative bacteria, such as *Xanthomonas campestris*, interactions between surfactants and the cell barriers, *i.e*. both of the inner and outer membranes, result in cell damage and an increased leakage degree. Leakage was evident with Tween 20 caused the highest amount of ATP release to the culture medium. Johnston *et al*. just speculated that after damaging of membrane, the leakage of low molecular weight compounds (purines, pyrimidines, pentoses, inorganic phosphate) are followed by the leakage of larger cellular constituents e.g. ATP ([@ref25]). Sucrose was the main carbon source in this study that is going to be converted to monosaccharides by the bacterium and in control is going to be consumed as the energy source; absent from the culture supernatant. While, the use of surfactants demonstrated the presence of reduced sugars in the culture supernatants that is indicative of sugar leakage and damage to the cell barriers. SEM revealed shrinkage in size of the bacterial cells by 3.5 folds in varieties of shapes from rod to round, yet again another evidence of bacterial leakage. Similar results have been reported elsewhere, which are the results of membrane pore expansion and micelle formation ([@ref1], [@ref21], [@ref24]).

Earlier reports about the role of surfactants in xanthan production were somewhat contradictory ([@ref3]), possibly due to the differences in strains and fermentation conditions: mixing and aeration.

Tritons have shown to be toxic on bacterial growth ([@ref4], [@ref19]), perhaps by increase in membrane permeability ([@ref9]). Here, culture turbidity was diminished in the presence of surfactants, *esp*. Triton X100 that indicates a sharp decline in biomass.

While Galindo and Salcedo ([@ref3]) and Janas *et al.* ([@ref4]) and other researchers mainly provide extrinsic evidence for the effect of nonionic surfactants on xanthan gum production, the present study revealed that surfactants directly exert changes in the bacterial cells which result in greater xanthan production and showed that some of nonionic surfactants can be used to obtain better quantity and quality of xanthan gum. These positive effects can be provided by addition of surfactants in idiophase. According to our experiments, neither growth nor xanthan production was occurred when different surfactants were added to the culture medium within trophophase period of the fermentation (*i.e*. the first 24 h), even at very low concentrations.
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![Xanthan production (g.L^-1^) in the presence of different surfactants with 5% (v/v) concentration and control culture without any surfactant. Surfactants were added in t = 24 of cultivation. From t = 36 h to t = 72 h difference between xanthan production in the presence of surfactant compared with control was statistically significant.](ijb-2018-01-e1483-g001){#fig001}

![Scanning Electron Micrographs of *Xanthomonas campestris* in absence and presence of surfactants (with 5% v/v concentration), A: control (without surfactant), B: Tween 80, C: Tween 20, D: Triton X100.](ijb-2018-01-e1483-g002){#fig002}

![Amounts of ATP (µM) and reduced sugar (mg.L^-1^) leakage in culture supernatants have been shown as a result of the surfactant application. Tween 80 and Tween 20 showed statistically significant difference with the control in leaking the ATP and reduced sugars to the culture supernatant.](ijb-2018-01-e1483-g003){#fig003}

###### 

Exopolysaccharide production (g.L^-1^) with different nonionic surfactants and concentration (%).

  Surfactant concentration (%)   Triton X100   Tween 80   Tween 20                                                 
  ------------------------------ ------------- ---------- ---------- ------------- ------ ---- ------------ ------ ----
  0.05                           9.6 ± 0.05    0.13       48         10.1 ± 0.05   0.14   50   9.8 ± 0.01   0.14   49
  0.1                            9.5 ± 0.11    0.13       47         10.2 ± 0.05   0.14   51   9.5 ± 0.04   0.13   47
  0.5                            9.5 ± 0.10    0.13       47         10.9 ± 0.15   0.15   54   9.7 ± 0.01   0.13   48
  1                              9.5 ± 0.05    0.13       47         10.8 ± 0.05   0.15   54   9.8 ± 0.01   0.14   49
  2                              9.8 ± 0.05    0.14       49         10.6 ± 0.05   0.15   53   9.6 ± 0.14   0.13   48
  3                              9.7 ± 0.11    0.13       48         10.4 ± 0.01   0.14   52   9.3 ± 0.01   0.12   46
  4                              9.8 ± 0.05    0.14       49         10.8 ± 0.07   0.15   54   9.8 ± 0.08   0.14   49
  5                              9.6 ± 0.10    0.13       48         11 ± 0.1      0.15   55   9.8 ± 0.01   0.14   49
  6                              9.5 ± 0.06    0.13       47         10.3 ± 0.06   0.14   51   9.3 ± 0.01   0.12   46

Xanthan production of control (culture without surfactant) was 10.00 ± 0.04 g.L^-1^

*p* value in all experiments was \< 0.05

###### 

Exopolysaccharide viscosity (cP) with different nonionic surfactant.

  Surfactant concentration (%)   Viscosity (cP) in the presence of                  
  ------------------------------ ----------------------------------- -------------- ------------
  0.05                           951 ± 7.63                          1041 ± 3.51    874 ± 3.21
  0.1                            972 ± 6.24                          1137 ± 7.57    895 ± 1.15
  0.5                            918 ± 2.51                          1000 ± 6.00    537 ± 1.00
  1                              947 ± 3.60                          1293 ± 1.00    731 ± 1.00
  2                              912 ± 7.63                          1268 ± 2.51    820 ± 2.00
  3                              927 ± 6.02                          1202 ± 11.53   812 ± 1.52
  4                              918 ± 6.11                          1281 ± 2.64    932 ± 2.08
  5                              915 ± 1.52                          1368 ± 6.24    909 ± 1.52
  6                              912 ± 1.00                          1280 ± 3.00    902 ± 1.52

Xanthan viscosity of control (culture without surfactant) was 1250 ± 5.00 cP

*p* value in all experiments was \< 0.05

###### 

Turbidity (NTU) of cultures after 72 h.

  Surfactant concentration (%)   Turbidity (NTU) in the presence of                      
  ------------------------------ ------------------------------------ ------------------ -----------------
  0.05                           750 (± 8.48 )                        1771 (± 9.89 )\*   1748 (±21.21)
  0.1                            630 (± 12.72 )                       1615 (± 12.02 )    1675 (± 14.84 )
  0.5                            476 (± 7.77 )                        1615 (± 14.14 )    1766 (± 8.48 )
  1                              318 (± 7.77)                         1537 (± 10.60 )    1747 (± 10.60)
  2                              296 (± 9.19 )                        1512 (± 14.84 )    1725 (± 21.92 )
  3                              273 (± 1.41)                         1489 (± 8.48 )     1703 (± 14.14 )
  4                              215 (± 3.53 )                        1465 (± 7.52 )     1698 (± 18.38 )
  5                              120 (± 4.94 )                        1433 (± 10.60 )    1673 (± 13.43 )
  6                              75 (± 8.48)                          1397 (± 9.24 )     1538 (± 12.64)

Turbidity of control (culture without surfactant) was 1785 NTU

*p* value in all experiments was \< 0.05 except to the data marked by asterisk
